Anxiety-related psychiatric disorders represent one of the largest health burdens worldwide. Single nucleotide polymorphisms of the FK506 binding protein 51 (FKBP51) gene have been repeatedly associated with anxiety-related disorders and stress sensitivity. Given the intimate relationship of stress and anxiety, we hypothesized that amygdala FKBP51 may mediate anxiety-related behaviors. Mimicking the stress effect by specifically overexpressing FKBP51 in the basolateral amygdala (BLA) or central amygdala resulted in increased anxiety-related behavior, respectively. In contrast, application of a highly selective FKBP51 point mutant antagonist, following FKBP51 mut BLA-overexpression, reduced the anxiogenic phenotype. We subsequently tested a novel FKBP51 antagonist, SAFit2, in wild-type mice via BLA microinjections, which reduced anxiety-related behavior. Remarkably, the same effect was observed following peripheral administration of SAFit2. To our knowledge, this is the first in vivo study using a specific FKBP51 antagonist, thereby unraveling the role of FKBP51 and its potential as a novel drug target for the improved treatment of anxiety-related disorders.
Introduction
Anxiety-related behaviors are highly prevalent in stress-induced psychiatric disorders, such as major depression, posttraumatic stress disorder (PTSD), bipolar disorder, and schizophrenia (Chrousos, 2009; Lupien et al., 2009) . Despite that these disorders contribute significantly to disease burden worldwide, their underlying molecular mechanisms are still poorly understood (Tennant, 2001; Krishnan and Nestler, 2008; Nestler and Hyman, 2010) . In addition, a substantial proportion of patients do not benefit from the currently available treatment options (Binder and Holsboer, 2006; Thase, 2006) ; thus, there is a desperate need to increase our understanding of the mechanisms involved in the etiology of these disorders, so that novel therapeutics can be developed (Porcelli et al., 2011) .
Human genetic studies have repeatedly implicated the FKBP5 gene, encoding FK506 binding protein 51 (FKBP51), in numerous psychiatric disorders (Binder et al., 2004 (Binder et al., , 2008 Koenen et al., 2005; Binder, 2009; Brent et al., 2010; Lavebratt et al., 2010; Ellsworth et al., 2013; Klengel et al., 2013) . FKBP51 is an imunophilin best known to alter glucocorticoid receptor (GR) sensitivity (Riggs et al., 2003; Binder et al., 2004) . When FKBP51 acts on the GR, the affinity of GR for cortisol, the main hormone produced in response to stress, and GR nuclear translocation is reduced (Wochnik et al., 2005) . As a recurring characteristic of mood and anxiety disorders is altered GR expression and signaling (Holsboer, 2000; Pariante and Miller, 2001; Yehuda, 2009) , FKBP51 is an attractive target to reverse deficits in the GR system, at least in a subset of patients (Schmidt et al., 2012) .
Associations of single nucleotide polymorphisms (SNPs) in FKBP5 have repeatedly been found in various psychiatric casecontrol populations, including major depression (MD) (Appel et al., 2011; Menke et al., 2013) , bipolar disorder (Binder et al., 2004; Tatro et al., 2009; Willour et al., 2009; Lavebratt et al., 2010) , and PTSD (Binder et al., 2008; Mehta et al., 2011) . In addition, FKBP51 variants also have been linked with suicidal behavior (Willour et al., 2009; Brent et al., 2010; Roy et al., 2010; Supriyanto et al., 2011) . Interestingly, alterations in FKBP51 expression in the amygdala have been reported in postmortem samples from suicide victims (Pérez-Ortiz et al., 2013) . The amygdala plays a pivotal role in the neurocircuitry of fear and anxiety disorders (LeDoux, 2007; Shin and Liberzon, 2010; Dias et al., 2013) , and was also shown to modulate the hypothalamic-pituitary-adrenal (HPA) axis through negative feedback mediated by the GR (Gray, 1993; Davis, 1994; McEwen and Sapolsky, 1995) .
We have previously shown that FKBP51 mRNA expression is strongly upregulated in the amygdala following acute stress (Scharf et al., 2011) , and that FKBP51 knock-out mice are less affected by chronic social defeat stress, likely mediated by increased GR sensitivity . However, a causal link of FKBP51 to anxiety-related behavior is still missing. We approached this challenge by manipulating FKBP51 expression in the basolateral amygdala (BLA) and central amygdala (CeA), respectively, demonstrating that FKBP51 most notably in the BLA enhances anxiety. Next, we took advantage of the recent development of the first selective and potent FKBP51 antagonists (Gopalakrishnan et al., 2012a,b; Gaali et al., 2015) and could show that these ligands applied directly in the amygdala or via the periphery have profound anxiolytic properties. Pharmacological inhibition of FKBP51 might thus constitute a mechanistically novel therapeutic approach for the prevention and treatment of stress-related anxiety disorders.
Materials and Methods
Experimental design Experiment 1. As FKBP51 expression has previously been shown to be upregulated following acute stress (Scharf et al., 2011) , we mimicked this effect by overexpressing FKBP51 in the BLA or CeA. Anxiety-related behavior was subsequently confirmed for the BLA (n ϭ 12-14 per group) and partially for the CeA (n ϭ 9 -10 per group). Experiments were additionally repeated following FKBP51 overexpression in the dorsal hippocampus (dHc), as a negative control (n ϭ 12-13 per group). The testing order was as follows: open field (OF), elevated plus maze (EPM), dark-light box (DaLi), and forced swim test (FST). All animals underwent the same testing battery in the same order of the tests. Experiment 2. Ligand2, an FKBP51 antagonist that specifically binds to the mutated FKBP51 F67V but not wild-type FKBP51, was analyzed for its potential to penetrate the blood-brain barrier. FKBP51 F67V preserves the repressing activity of wild-type FKBP51 on the GR, but can specifically be inhibited by the FKBP51 antagonist Ligand2. Animals received a single injection of either 0.1 mg/kg body weight (BW), 1.0 mg/kg BW, 10.0 mg/kg BW Ligand2, or vehicle solution (n ϭ 4 per group). Next, we tested the ability of Ligand2 to rescue the anxiogenic effects induced by FKBP51 F67V overexpression in the BLA (n ϭ 11-13 per group). The testing order was as follows: OF, EPM, DaLi, and FST. All animals underwent the same testing battery in the same order of 
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BLA mice show reduced stress-coping behavior in the FST, reflected in decreased time struggling, increased time floating and decreased latency to first floating, whereas time swimming remained unaffected; n ϭ 12-14 per group; #p Ͻ 0.05. Data are expressed as mean ϩ SEM. Scale bars, 250 m. the tests. To confirm the specificity and to rule out any potential drug side effects of the antagonist in the control group, we performed an additional control experiment, in which naive C57BL/6N mice received a single injection of 10.0 mg/kg BW Ligand2 or vehicle solution and were subsequently tested with regard to anxiety-related behavior (n ϭ 8 per group).
Experiment 3. Wild-type FKBP51 was blocked via peripheral administration of SAFit2 in naive mice and anxiety-related behavior was analyzed in the EPM and DaLi 1 and 16 h after the injection (2 separate cohorts of mice; n ϭ 10 -11 per group).
Experiment 4. Wild-type FKBP51 was blocked in the BLA via micro-injections of SAFit2 (0.5 l per injection) in mice. The effects on anxiety-related behavior was analyzed in the DaLi (n ϭ 14 per group) 16 h after the application.
Animals
For all experiments, male C57BL/6N mice at the age of 12-15 weeks were used (Charles River Laboratories). 
Viral overexpression of FKBP51
Viral overexpression was performed using an adeno-associated bicistronic AAV1/2 vector (GeneDetect) as described previously (Schmidt et al., 2011) . In Experiment 1, the vector contained a CAG-HA-tagged-FKBP51-WPRE-BGH-polyA expression cassette (containing the coding sequence of human Fkbp51 NCBI CCDS ID CCDS4808.1). For Experiment 2, the vector contained a CAG-HA-tagged-FKBP51-F67V-mutant-WPRE-BGH-polyA expression cassette (containing the coding sequence of the human Fkbp51 NCBI CCDS ID CCDS4808.1) with a F67V point mutation (Gaali et al., 2015) . For the control group, we used the same vector construct without expression of FKBP51 (CAG-Null/Empty-WPRE-BGH-polyA). Virus production, amplification, and purification were performed by GeneDetect. Mice were anesthetized with isoflurane, and 0.5 l (BLA, dHc) or 0.025 l (CeA) of either AAV-FKBP51, AAV-FKBP51 F67V or AAV-Empty [titers: 1.3 ϫ 10 12 genomic particles/ml (Experiment 1), 2.6 ϫ 10 12 genomic particles/ml (Experiment 2)] were bilaterally injected in the BLA, CeA, or hippocampus at 0.06 l/min by glass capillaries with tip resistance of 2-4 M⍀ in a stereotactic apparatus. The following coordinates were used: (1) BLA: 1.0 mm posterior to bregma, 3.5 mm lateral from midline, and 3.8 mm below the surface of the skull; (2) CeA: 1.2 mm posterior to bregma, 2.6 mm lateral from midline, and 4.5 mm below the surface of the skull; and (3) hippocampus [CA1 and dentate gyrus (DG) region of the dorsal hippocampus]: 1.9 mm posterior to bregma, 1.3 mm lateral from midline, and 1.3/1.8 mm below the surface of the skull. After surgery, mice were treated for 5 d with Metacam via drinking water. Behavioral testing started 4 weeks after virus injection. Successful overexpression of the FKBP51-forms was verified by in situ hybridization and immunofluorescence. Animals that were not infected bilaterally in the dorsal hippocampus, BLA or CeA were excluded from the analysis. Quantification of overexpression was achieved by in situ hybridization using the riboprobe described below.
Implantation of guiding cannulas
For Experiment 4, stainless steel cannulas (10 mm, 26 G) were implanted above the BLA during anesthesia using the same setup as in Experiments 1 and 2. A hole was drilled to implant each cannula ventrally into the brain. The cannulas were fixed in the skull by two screws (DIN 84 MS S1*3 screws, stainless steel, Schrauben Presiniger) and dental cement (Paladur, Heraeus Kulzer). After surgery, the animals were singly housed and allowed to recover for at least 7 d. Injection cannulas (Hamilton, 30 G) that extended 1 mm beyond the tip of the guiding cannula were used for the microinjections.
Behavioral testing
All behavioral tests were recorded using a videotracking system (Anymaze 4.20; Stoelting). The following behavioral tests were performed: OF, EPM, DaLi. Only test-naive mice were used for each experiment, unless specified otherwise (Experiments 1 and 2). The testing procedures were performed as described below. The behavioral tests were performed between 08:30 A.M. and 12:30 P.M. in the same room in which the mice were housed.
Open field
The OF test was performed to investigate general locomotor activity in a novel environment, which could be a confounding factor in other exploration-based tests as the EPM or DaLi. Testing was performed in an empty OF arena (50 ϫ 50 ϫ 50 cm) made of gray polyvinyl chloride (PVC), which was evenly illuminated with 15 Lux. The low illumination of the OF arena was specifically chosen to investigate locomotion behavior and not create an aversive center region that may induce anxietyrelated behavior. Testing time was 15 min and parameter of interest was the total distance traveled.
Elevated plus maze
The EPM was conducted to display changes in anxiety-related behavior. 
Dark-light box
The DaLi test was used as another paradigm to measure anxiety-related behavior. The apparatus consisted of a rectangular box with two compartments, the dark compartment (15 ϫ 20 ϫ 25 cm), with Ͻ10 lux and the light compartment (30 ϫ 20 ϫ 25 cm), lit with 700 lux. Both compartments were connected by a 4-cm-long tunnel. At the beginning of the test, each mouse was placed in the center of the dark compartment facing the back wall of the apparatus. Testing duration was 7 min in Experiment 1 and 10 min in Experiments 2 and 3. The time spent in the lit compartment, as well as the number of lit compartment entries, the latency to the first entry to the lit compartment and the distance traveled in the lit compartment were analyzed. 
Forced swim test
The FST was used to assess stress-coping behavior. Each mouse was placed into a 2 L glass beaker (diameter: 13 cm, height: 24 cm) filled with tap water (21 Ϯ 1°C) to a height of 15 cm, so that the mouse could not touch the bottom with its hindpaws or tail. Testing time was 6 min. The parameters struggling, swimming, floating, and latency to first floating were scored by an experienced observer, blind to condition or treatment of the animals.
Drugs
Both FKBP51 antagonists (Ligand2 and SAFit2) were solubilized in 4% EtOH, 5% Tween80 and 5% PEG400 in 0.9% saline (Experiments 2 and 3) or in artificial CSF (Experiment 4). In Experiment 2, animals received an intraperitoneal (i.p.) injection of either vehicle (4% EtOH, 5% Tween80, and 5% PEG400 in 0.9% saline) or Ligand2 (0.1 mg/kg BW, 1.0 mg/kg BW or 10 mg/kg BW) solution 1 h prior perfusion to assess the blood-brain barrier penetration. Mice that underwent surgeries and behavioral analysis in Experiment 2 received an intraperitoneal injection of vehicle or Ligand2 (10 mg/kg BW) on 10 consecutive days. On testing days, the injection was applied 1 h before the start of the test. 
Sampling procedure
At the day of kill, animals were deeply anesthetized with isoflurane. For animals that were used to assess the pharmacokinetics of Ligand2 in Experiment 2, blood samples were taken by cardiac puncture, kept on ice, and later centrifuged at 8000 rpm at 4°C for 15 min. Plasma was transferred to new, labeled tubes and stored at Ϫ20°C. These mice were perfused intracardially with saline; brains were removed and immediately stored at Ϫ80°C. The concentration of the FKBP51 antagonist in plasma and brain was quantified by LC-MS/MS. All other animals of Experiments 1 and 2 were perfused intracardially with 4% paraformaldehyde. Brains were removed, postfixed overnight in 4% paraformaldehyde, followed by subsequent overnight incubation in 30% sucrose solution at 4°C, and then stored at Ϫ80°C until processing for in situ hybridization and immunohistochemistry. Brains of Experiment 4 were removed and snap-frozen on dry ice. Correct cannula placement was examined by postmortem histological verification.
In situ hybridization and immunohistochemistry
For in situ hybridization and immunohistochemistry, frozen brains were coronally sectioned in a cryostat microtome at 25 m and kept at Ϫ80°C. In situ hybridization using a 35 S UTP-labeled ribonucleotide probe for Fkbp51 (forward primer: 5Ј-CTTGGACCACGCTATGGTTT; reverse primer: 5Ј-GGATTGACTGCCAACACCTT) was performed as described previously . Immunofluorescence (mouse anti-Ha, clone Ha-7, no. H9658; 1:1000, Sigma-Aldrich; Donkey antimouse AlexaFluor 488, 1:500; Invitrogen) was performed on freefloating sections (n ϭ 3 per mouse) as described previously (Wang et al., 2011) . Images of autoradiographs and immunohistochemistry were obtained with an Axioplan 2 microscope (Zeiss) and an Olympus Fluoview1000 confocal microscope (Olympus), respectively.
Ligand2 in vitro characterization
N2a neuroblastoma cells were transfected with a plasmid encoding myrVenus together with plasmids encoding FKBP51 wt , FKBP51 F67V , or an empty plasmid (control). Cells were treated with or without 20 M Ligand2 for 24 h, followed by fixation, fluorescence imaging, and morphological analysis using ImageJ. Twenty-five to 40 cells per group were analyzed. Ligand2 binding affinities for FKBPs were determined in a biochemical fluorescence polarization assay using 3 nM of the fluorescent tracers C40-(Fluoresceinyl-Gly)-Rapamycin and 2 nM of purified human FKBP51.
Statistical analysis
The data presented are shown as mean ϩ SEM and were analyzed by the commercially available software SPSS 17.0 and Sigma-Aldrich Plot 11.0. All statistical analyses were performed two-sided. Datasets were tested for normal distribution. When two groups were compared, the unpaired Student's t test was applied. In case data were not normally distributed the nonparametric Mann-Whitney U test (MW test) was used. For four group comparisons, two-way ANOVA was performed, followed by Tukey's post hoc test, as appropriate. P values Ͻ0.05 were considered significant. Investigators were blinded to the experimental groups during the experiments and data analyses.
Results

FKBP51 overexpression in the amygdala induces anxiogenic behavior
We overexpressed FKBP51 in the BLA by viral mediated gene transfer and subsequently investigated the anxiety-related and stress-coping behavior in these mice. Correct and stable FKBP51 overexpression in the BLA was quantified by in situ hybridization (t (26) ϭ 105, p Ͻ 0.001, t test) and was additionally validated by immunofluorescence (Fig. 1A-D (Fig. 1 E, F ). These findings were further supported by a trend toward increased latency to enter the aversive lit compartment (z ϭ Ϫ1.778, p ϭ 0.079, MW test) in the DaLi test (Fig. 1G ). This anxiogenic phenotype of 51OE BLA mice was independent of general locomotor activity, which did not differ between the groups (Fig. 1H ) . Moreover, 51OE
BLA mice showed reduced active stress-coping behavior in the FST, which was reflected in significantly reduced time struggling (t (24) ϭ 2.263, p Ͻ 0.05, t test), increased time floating (t (24) ϭ Ϫ2.142, p Ͻ 0.05, t test) and a decreased latency to first floating (t (24) ϭ 2.643, p Ͻ 0.05, t test; Fig. 1I-L) .
In addition, we overexpressed FKBP51 in the CeA (51OE CeA mice). Correct and stable FKBP51 overexpression in the CeA was quantified by in situ hybridization (t (19) ϭ 19.240, p Ͻ 0.001, t test) and was additionally validated by immunofluorescence ( Fig.  2A-D) . 51OE CeA mice displayed a mild anxiogenic phenotype with significantly reduced open arm time (t (16) ϭ 2.29, p Ͻ 0.05, t test) and a trend toward decreased open arm entries (t (16) ϭ 1.971, p ϭ 0.066, t test) in the EPM (Fig. 2 E, F ) . However, we did not observe any anxiogenic behavior in the DaLi, nor did we see any changes in general locomotion in the OF or altered stresscoping behavior in the FST (Fig. 2G-L) .
Furthermore, the effects were amygdala specific, as we did not observe any differences in anxiety-related behavior in mice with overexpression of FKBP51 in the dorsal hippocampus (Fig. 3) . Correct and stable FKBP51 overexpression in the dorsal hippocampus was quantified by in situ hybridization (CA1, z ϭ Ϫ4.333; CA3, z ϭ Ϫ4.179; DG, z ϭ Ϫ4.333; p Ͻ 0.001, MW test) and was additionally validated by immunofluorescence (Fig.  3A-D) .
Specific pharmacological blockade of a fully functional FKBP51 mutant overexpressed in the BLA reduces the anxiogenic phenotype We subsequently examined whether the anxiogenic phenotype induced by BLArestricted FKBP51 overexpression could be rescued with an FKBP51 antagonist. To avoid confounding effects by inhibition of endogenous FKBP51 elsewhere in the brain or side effects due to inhibition of the closely related FKBP52, we overexpressed a mutant form of FKBP51 with a single point mutation (51OE WT , however, FKBP51
F67V can be selectively inhibited by the engineered Ligand2, which has been designed to complement the F67V mutation (Fig. 4B) . Moreover, Ligand2 also discriminated against FKBP52, and it dosedependently accumulated in the plasma and the brain 1 h after the injection (Fig. 4C,D) , thereby allowing for the first time to pharmacologically interrogate FKBP51 in the presence of FKBP52 in vivo.
Similar to FKBP51 wt , stable overexpression of FKBP51 F67V in the BLA (z ϭ Ϫ6.186; p Ͻ 0.001, MW test; Fig. 44 E-H ) induced an anxiogenic phenotype in the EPM, which was reflected in a significantly reduced open arm time (two-way ANOVA: main genotype effect: F (1,41) ϭ 4.696, p Ͻ 0.05; Fig. 4I ). This finding was independent of the treatment groups. In the DaLi test, 51OE F67V-BLA mice spent significantly less time (two-way ANOVA: main genotype effect: F (1,45) ϭ 4.671, p Ͻ 0.05) and traveled less (two-way ANOVA: main genotype effect:, F (1,45) ϭ 4.514, p Ͻ 0.05) in the lit compartment than the empty control groups (Fig. 4 J, K ) . Intriguingly, this genotype effect was only significant between the vehicle treated groups but not in the ligand 2-treated group, suggesting an anxiolytic effect by FKBP51 F67V-BLA inhibition (Tukey's post hoc test: p Ͻ 0.05). The OF)test served again as control, and revealed that the anxiety-related phenotype of 51OE F67V-BLA mice is independent of general locomotion, which did not differ between the experimental groups (Fig. 4L ). In addition, 51OE
F67V-BLA mice spent significantly less time struggling (two-way ANOVA: main genotype effect: F (1,45) ϭ 4.863, p Ͻ 0.05) in the FST than the empty control groups (Fig. 4M ) . Interestingly, this genotype effect was only significant between the vehicle treated groups but not under FKBP51 antagonist conditions (Tukey's post hoc test: p Ͻ 0.05), which may implicate a protective effect by FKBP51
F67V-BLA blockade. However, we did not observe any significant differences for the other parameters assessed in the FST ( Fig. 4N-P) . Moreover, we found no differences in anxietyrelated behavior in naive mice treated with Ligand 2 compared with the vehicle treated group (Fig. 4Q-T ) , thereby arguing against potential off-target effects of the drug.
Peripheral administration of SAFit2 induces anxiolytic behavior in naive mice
In a next step, we explored the consequences inhibiting total FKBP51 after peripheral administration of SAFit2, the first potent and selective antagonist for wild-type FKBP51 (Gaali et al., 2015) . When SAFit2 was applied 1 h before testing, we did not observe any alterations in anxiety-related behavior (Fig. 5A-D) . However, SAFit2 treatment induced an anxiolytic phenotype in mice injected 16 h prior testing, which was reflected in a significantly increased open arm time in the EPM (z ϭ Ϫ2.183, p Ͻ 0.05, MW test; Fig. 5E ). This finding was further supported by an increase in the number of entries to the lit compartment (t (20) ϭ 2.593, p Ͻ 0.01, t test) in combination with a significant increase in the time spent in the lit compartment (t (20) ϭ Ϫ2.275, p Ͻ 0.05, t test) in the DaLi (Fig. 5 F, G) . Moreover, SAFit2 treatment led to a significantly reduced latency to enter the lit compartment (z ϭ Ϫ2 to 265, p Ͻ 0.05, MW test), as well as a significantly increased distance traveled (t (20) ϭ Ϫ2.371, p Ͻ 0.05, t test) in the lit compartment (Fig. 5 H, I ).
BLA microinjections of the selective FKBP51 antagonist SAFit2 induce anxiolytic behavior in mice
Encouraged by these findings and to investigate a genuine relationship between FKBP51 in the amygdala and anxiety, we administered SAFit2, into the BLA via micro-injections 16 h before testing (Fig. 5J ) . Directly opposite to the effect of FKBP51 overexpression in the amygdala, SAFit2 treatment induced an anxiolytic phenotype, which was reflected in a significantly increased number of lit compartment entries (t (26) 
Discussion
The amygdala is an important brain region for the mediation of stress responses, fear, and anxiety (Joëls and Baram, 2009) , and is thus highly implicated in mood and anxiety disorders (Etkin and Wager, 2007; Siegle et al., 2007; Drevets et al., 2008) . FKBP51 mRNA levels are significantly upregulated in the amygdala of mice after acute stressors or dexamethasone treatment (Scharf et al., 2011) . Interestingly, altered amygdala activity, connectivity, and volume have been associated with FKBP51 variants and depression or childhood adversity (Holz et al., 2015) . In addition, alterations in FKBP51 mRNA or protein levels have also been observed in autopsy samples from the amygdala of suicide victims (Pérez-Ortiz et al., 2013) . In-line with these studies, we found that mice with FKBP51 overexpression in the BLA have increased anxiety-related behavior, suggesting that the natural induction of amygdala FKBP51 expression following stress functionally mediates stress-induced anxiety. Moreover, this anxiogenic phenotype was independent of locomotion, as we did not find any differences in the OF test. In addition, 51OE BLA mice also revealed reduced active stress-coping behavior in the FST. Interestingly, overexpression of FKBP51 in the CeA also led to a mild anxiogenic effect in the EPM. Although we cannot completely rule out that adjacent amygdala nuclei were affected by our AAV overexpression strategy, the neuroanatomical analyses supported a high degree of regional specificity of the viral spread. Furthermore, the increased anxiety-related effects were amygdala-specific, as FKBP51 overexpression in the dHc did not induce any changes in anxiety-like behavior.
FKBP52 is a close homolog of FKBP51 that shares Ͼ75% sequence homology, but acts as a functional opponent; whereas, FKBP51 decreases GR nucleus translocation and signaling, FKBP52 enhances GR translocation to the nucleus (Wochnik et al., 2005) . We have previously reported that FKBP51 knock-out mice have a reduced corticosterone response to forced swim stress, whereas mice lacking one allele of FKBP52 display increased corticosterone levels to this stressor and an anxiogenic phenotype (Hartmann et al., 2012a,b) . Thus, the selectivity of an FKBP51 antagonist is critical. We approached this challenge by using a bump-and-hole approach to first overexpress a functionally fully active FKBP51 variant carrying a point mutation (FKBP51 F67V ), which can selectively be blocked by the specifically designed FKBP51 F67V -antagonist, Ligand2. We demonstrated that overexpression of FKBP51 F67V in the BLA induced a similar anxiogenic phenotype in mice as overexpression of wildtype FKBP51, thereby confirming our initial results. When these mice were subchronically treated with Ligand2, the increase in anxiety-related behavior in the DaLi box was rescued and the stress-coping phenotype in the FST was reduced. However, we were not able to fully reverse the induced phenotype, especially in the EPM, indicating that the daily treatment regimen may not have been sufficient to continuously block FKBP51 F67V activity in the BLA, potentially due to an unfavorable pharmacokinetics of Ligand2 following repeated injections, in contrast to the robust AAV-mediated FKBP51 F67V overexpression. To work under more naturalistic settings, we continued to work with a selective antagonist (SAFit2) against native FKBP51.
As microinjections of SAFit2 (the selective and potent novel antagonist for wild-type FKBP51) into the BLA induced a significant anxiolytic phenotype, we were further able to link amygdala FKBP51 expression to anxiety-like behavior. These results are in-line with a previous study demonstrating that knockdown of FKBP51 in the BLA reduces stress-induced anxiety in mice (Attwood et al., 2011) . Intriguingly, peripheral (i.p.) injection of SAFit2 replicated the anxiolytic effect of direct amygdala administration in a time-dependent manner, suggesting applicability in a clinical setting.
In summary, our results provide the proof-of-concept for FKBP51 inhibitors to modulate anxiety in vivo. These results pave the way for the development of FKBP51 antagonists and their transition into the clinic for the improved treatment of stressrelated psychiatric diseases.
